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ABSTRACT

Heat-transfer tests were conducted on two Space Shuttle configurations at Mach
number 8 to investigate the effects of nose geometry on windward and leeward heating
and boundary-layer transition. Free-stream Reynolds number based on model length was
varied from 1.5 to 7.5 million at angles of attack from 20 to 5O deg. Windward centerline
heating rates were in general agreement with calculated values except for laminar rates
downstream of the wing/body junction. Differences in the location of the beginning of
transition and the length of the transition zone were observed for the two configurations,
but it was not clear whether variation in nose shape per se or the abrupt cross-sectional
change from the nose to the aft fuselage and wing was the controlling factor.
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SECTION 1
INTRODUCTION

Optimum design of the thermal protection system for the Space Shuttle orbiter
depends largely on the accurate prediction of heating rates to be experienced by the vehicle
in flight. The heating rate predictions, in turn, depend largely upon ground test data and
the attendant procedures used to extrapolate the data to flight conditions. Subtle geometric
variations may have significant effects on both the ground test data and the flow models
used to extrapolate the data to flight conditions.

The present tests were undertaken to study the effects of nose geometry on windward
and leeward heating rates and boundary-layer transition on a representative Space Shuttle
orbiter configuration, Two nose shapes were investigated using a common wing and
afterbody. The tests were conducted in the Hypersonic Wind Tunnel (B) of the von K4rmén
Gas Dynamics Facility (VKF) at Mach number 8, and the thin-skin thermocouple technique
was used for obtaining heating rates. Angle of attack was varied from 20 to 50 deg at
free-stream Reynolds numbers from 1.5 to 7.5 million based on model length.

SECTION Ul
APPARATUS

2.1 MODELS

The overall model dimensions and wing, fuselage, and canopy details were provided
by the Manned Spacecraft Center (MSC), whereas the nose configurations were designed
by the University of Texas at Austin. A model drawing is shown in Fig. 1, Appendix
I, and photographs are shown in Figs. 2 and 3.

The model noses (x/L < 0.3) were designed so that the surface geometry could be
described by analytic functions. Two elliptical planforms were used with a common profile
(see Fig. 1). Nose cross sections are shown in Fig, 4. The aft fuselage and wing geometry
(x/L = 0.4) were common to both, requiring abrupt change in cross section in the region
0.3 < x/L < 04.

The model nose and lower fuselage surfaces were electroformed in one piece from
nickel, providing a continuous lower surface from nose to tail. The upper fuselage was
also constructed of electroformed nickel. Nominal thickness of the electroformed parts
was 0.035 in, The wings were machined from solid 17-4 PH stainless steel.

2.2 WIND TUNNEL

Tunnel B is a continuous, closed-circuit, variable density wind tunnel with an
axisymmetric contoured nozzle and a 50-in.-diam test section. The tunnel can be operated
at a nominal Mach number of 6 or 8 at stagnation pressures from 20 to 300 and 50
to 900 psia, respectively, at stagnation temperatures up to 1350°R. The model can be
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injected into the tunnel for a test run and then retracted for model cooling or model
changes without interrupting the tunnel flow. A description of the tunnel may be found
in Ref. 1.

2.3 INSTRUMENTATION

Each of the two configurations was instrumented with 103 Chromel®-Alumel®
thermocouples, of which 98 were used. Only the fuselage was instrumented, Thermocouple
locations are shown graphically in Fig. 4.

Thermocouple outputs were recorded on magnetic tape at the rate of 20 times per

second from the start of model injection until about 4 sec after the model reached tunnel
centerline.

SECTION i
PROCEDURE

3.1 TEST CONDITIONS

A complete test summary is given below. Each configuration was tested at all the
conditions listed except as noted.

M., Do, Dsia To, ‘R Re.L a, deg
8.01 863 1345 7.48 x 106 - 20,30,40,50
8.00 725 1323 6.40 x 106 30
7.98 600 1312 5.46 x 106 30
7.97 420 1287 3.92 x 106 20,25,30,35,

40,50
7.96 300 1275 2.86 x 106 30
7.92 150 1220 1.45 x 106 20%,30,35%%,
40,50

*0il flow, Configuration UTN7 only
**0il flow only, both configurations

Uncertainties in the basic flow parameters p,, T,, and M,, were estimated from repeat
calibrations of the instruments and from repeatability and uniformity of the test section
flow during tunnel calibration. The individual contributions of these uncertainties were
propagated through the appropriate flow equations to obtain the uncertainties of calculated
parameters.

Approximate uncertainties in tunnel flow parameters are shown as follows:
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Parameter Uncertainty, Percent
Po 0.5
To 1.0
M_ +0.3
hees 1.0
Re.. 1L £2.0

3.2 DATA REDUCTION

The reduction of thin-skin thermoco'uple data normally involves only the calorimetric
heat balance, which, in coefficient form, is

dTW/dl
h = \\'bcp T_—Tw' (l)

Radiation and conduction losses are neglected in this heat balance, and data reduction
simply requires evaluation of dT,/dt from the temperature-time data and determination
of model material properties. For the present tests, radiation effects were negligible;
however, conduction effects were significant in several regions of the models. To permit
identification of these regions and improve evaluation of the data, the following procedure
was used,

Separation of variables and integration of Eq. (1), assuming constant w, b, c,, and

To, yields
h To- Twi
Tl S & e 0}

Since hfwbcy, is a constant, plotting n[(T, - Tw;)/(To - Tw)l versus time will give
a straight line if conduction is negligible. Thus, deviations from a straight line can be
interpreted as conduction effects.

The data were evaluated in this manner, and generally a reasonably linear portion
of the curve could be found for all thermocouples. A linear least squares curve fit of
en[(Ty - Twi)/(To - Tw)] versus time was applied to the data beginning at the time when
the model reached uniform flow and extending for a time span which was a function
of the heating rate, as shown below:

Range Number of Points

dTy /dt > 32
6 < dTy/dt < 32
8 < dT,/dt < 16
4 < dTy/dt < 8 1

1

W o awm



AEDC-TR-73-59

Range Number of Points
2 < dTy/dt £ 4 17
1 < dTy/dt £ 2 25

dTy/dt <1 4]

In general, the time spans given above were adequate to keep the evaluation of the
right-hand side of Eq. (2) within the linear region. Strictly speaking, the value of c; is
not constant, as assumed, and the relation

= 0.1467 - (2173 x 10”9 T - (3.367x 107 T2
- (1.332 x 10~10) T3, Btu/1bm-R (3)

p

which was obtained from a least squares fit of the specific heat data for nickel tabulated
in Ref. 2 was used with the value of T,, at the midpoint of the curve fit. The maximum
variation of ¢, over any curve fit was less than one percent; thus, the assumption of
constancy was not grossly violated. A constant 555 Iby, /ft3 was used for w, and measured
values of b for each thermocouple were used.

Estimated uncertainties for the individual terms in Eq. (2) were used in the Taylor
series method of uncertainty propagation to obtain the uncertainty in the heat-transfer
coefficient as given below:

h Uncertainty, Percent
104 10
10-3 7
10-2 5
SECTION IV

RESULTS AND DISCUSSION

Windward centerline heat-transfer-rate distributions for Configuration UTN2 at a
Reynolds number of 7.5 million are compared with calculated laminar, transitional, and
turbulent values in Fig. 5. Descriptions of the calculation methods are given in Appendixes
Il and III. The beginning of boundary-layer transition was chosen as the point where
the heating rate deviated from the laminar distribution. The end of transition could not
be so well defined and hence was estimated from the shape of the heating-rate distribution,

For the 20-deg angle-of-attack case (Fig. 5a), the laminar data (x/L < 0.4) agree
with two-dimensional calculations, indicating that cross-flow has not developed. The
beginning of transition appears at x/L = 0.4, which is at the end of the region of abrupt
cross-sectional change, and the flow apparently is not fully turbulent at the end of the
body.
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The laminar data (x/L < 0.3) at 30-, 40-, and 50-deg angles of attack (Figs. Sb,
¢, and d) agree fairly well with laminar crossflow calculations. The beginning of transition
has moved slightly upstream of the region of abrupt cross-sectional change (0.3 < x/L
< 0.4) in the 40- and 50-deg cases. The transitional and turbulent data agree well with
the calculated values except for the fransitional data at 50-deg angle of attack, where
a localized peak is seen at an x/L value of 0.425.

To further investigate the unusual distribution at 50-deg angle of attack, a repeat run
was made at 20 deg, and the results are shown in Fig. 6a. Significant differences in the
data are seen at x/L values greater than or equal to 0.4. The most likely reason for these
discrepancies is shown in Fig. 6b. Pretest and posttest lower surfaces are compared, showing
that a wrinkle developed in the model skin during testing. Based on the data in Figs.
5 and 6, it is believed that this wrinkle developed between the 40- and the 50-deg runs
(Figs. 5c and d, respectively). The skin wrinkled in a flat, unsupported region and may
have done so because of thermal expansion.

Windward centerline heat-transfer-rate distributions for Configuration UTN2 at
Reynolds numbers of 1.5 and 3.9 million are shown in Fig. 7. Two features of these
data stand out. The beginning of boundary-layer transition is essentially fixed at x/L =
0.4 except at 20 deg angle of attack at the higher Reynolds number, The apparently
laminar data at values of x/L greater than 0.4 at the lower Reynolds number are
substantially above the calculated laminar values. This contrasts with the good agreement
between data and calculations for transitional and turbulent boundary layers in the same
region at the highest Reynolds number shown earlier in Fig. 5. The oil-flow photograph
shown in Fig. 8 suggests two reasons for these results. The first is downstream influence
of the complex flow field between x/L values of 0.3 'and 0.4, which may be a function
of Reynolds number and boundary-layer state. The second is flow divergence in the region
under consideration. The assumption of zero flow divergence for the calculated values
in this region was based on results from isolated delta wings with larger sweep angles
than those of the present case and hence may not be correct. Flow divergence increases
laminar heating substantially more than it does turbulent heating (Ref. 3).

Windward centerline heat-transfer-rate distributions for Configuration UTN7 at a
Reynolds number of 7.5 million are shown in Fig. 9, Comparisons of the heating rates
with calculated laminar values at x/L less than 0.25 are similar to those of Fig. 5 for
Configuration UTN2. However, heating rates in the region of abrupt cross-sectional change
(0.3 < x/L < 0.4) tend to be higher than the computed distributions, particularly at
a = 20 deg. The transitional and turbulent heating rates and the calculated distributions
are in good agreement except in the transition region at @ = 50 deg, where the transitional
data rise more quickly. Transition begins further downstream for this configuration but
is completed in a shorter distance,

Windward centerline heat-transfer-rate distributions for Configuration UTN7 at
Reynolds numbers of 1.5 and 3.9 million are shown in Fig. 10. With the exception of
the 50-deg angle-of-attack case, agreement between data and calculated values at x/L values
between 0.4 and 0.6 is closer than in the UTN2 case (Fig. 7).
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Oil-flow phorographs of Configuration UTN7 are shown in Fig: 11. Comparison of
Fig. 11b with Fig. 8 indicates considerable difference in the flow pattern in the region
of abrupt cross-sectional change (0.3 < x/L < 0.4).

Because of the significant differences in flow field in the region between x/L values
of 0.3 and 0.6 between the two configurations, it is not clear what effect nose shape
per se had on the beginning of transition. Only in two cases (Configuration UTN2, with
Re.1 = 7.5 x 106, a = 40 and 50 deg) did transition begin upstream of this region.

A comparison of the present results for the beginning of boundary-layer transition
with the McDonnell Douglas Phase B transition correlation (Ref. 4) and VKF Phase B
results (Refs. 5 and 6) is shown in Fig 12.

Comparison of the present results for the extent of the transition zone with the
correlation of Dhawan and Narasimha (Ref. 7) is shown in Fig. 13. Results for
Configuration UTN7 are in general agreement with the correlation, whereas results for
Configuration UTN2 are 50 percent higher.

Leeward centerline heat-transfer distributions at 7.5 million Reynolds number are
shown in Fig. 14, Overall levels are approximately the same for the two configurations,
with the details of the distributions being slightly different. Canopy-front heating rates
(x/L = 0.2) are very high (about 50 percent of the windward level), with Configuration
UTN2 having slightly higher rates. More complete discussions of the present test results are
given in References 8 and 9.

SECTION V
CONCLUDING REMARKS

Heat-transfer tests were conducted on two space shuttle configurations at Mach
number 8 to investigate the effects of nose geometry on windward and leeward heating
and boundary-layer transition. Windward centerline heating on the noses (x/L < 0.3) of
both configurations agreed with crossflow calculations for angles of attack of 30 deg and
greater. Transitional and turbulent heating on the aft portion of the two configurations
(x/L > 0.4) also agreed with the present calculation methods. Laminar heating on the
aft portion of the configurations appeared to be significantly affected by the abrupt change
in cross section as the nose merged into the aft fuselage and wing. Differences in the
location of the beginning of transition and the length of transition zone were apparent
for the two configurations; however, it was not clear whether these differences were
attributable to the differences in nose shapes per se or to the abrupt cross-sectional changes.
Overall leeward centerline heating levels were approximately the same for both
_ configurations.
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Fig. 2 Photograph of Configuration UTN2
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Fig. 3

Photograph of Configuration UTN7
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Fig. 5 Windward Centerline Heat-Transfer-Rate Distributions for
Configuration UTN2 at Re,, = 7.5 x 108
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Calculated Boundary
Layer (Appendix III)
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Fig. 8 Oil-Flow Photograph of Configuration UTN2 at a = 35 deg and Re_, = 1.5 x 108
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Fig. 9 Windward Centerline Heat-Transfer-Rate Distributions for
Configuration UTN7 at Re_, = 7.5 x 106
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Fig. 10 Windward Centerline Heat-Transfer-Rate Distributions for
Configuration UTN7 at Re_ = 3.9 x 10° and 1.5 x 108
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a. a =20 deg
Fig. 11 Oil-Flow Photographs of Configuration UTN7 at Re.. = 1.5 x 106
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Fig. 14 Leeward Centerline Heat-Transfer-Rate Distributions at
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APPENDIX 1l
FLOW-FIELD METHODS

Model shock angles measured from shadowgraph photographs are compared with
tangent wedge, tangent cone, and parallel shock values in Fig. 1I-1. Though there is
considerable scatter in the measurements as plotted, the tangent cone values are seen to
best represent the results. The tangent cone values shown in Fig. II-1 were computed
using the following equation from Ref. 10:

sin @ %
s _jy+l . 1
sin ae B [ 2 (“lm 2] (11_2)

sin az)

Centerline surface pressure measurements on Phase B Space Shuttle models indicate
that surface pressures are generally between tangent cone and modified Newtonian theory.
Examples of these data for the McDonnell Douglas Phase B orbiter, taken from Ref. 5,
are shown in Fig. II-2, Modified Newtonian theory was used in the present calculations.
With both shock angle and surface pressure calculated, all other properties at the
boundary-layer edge were determined by crossing the shock using the oblique shock
relations followed by an isentropic compression to surface pressure,

Nose cross sections of Configuration UTN2 were approximated by double-radius blunt
bodies and the crossflow velocity gradient obtained from Fig. 20 of Ref. 11. The crossflow
velocity gradient for the elliptical cross sections of Configuration UTN7 was obtained by
using the shock standoff distances of Ref. 12 and Eq. (B-2) from Ref. 11. These crossflow
velocity gradients were then applied over the following regions in the boundary-layer
calculations, based on the oil-flow photographs.

Configuration Crossflow Region
UTN2 0 < x/L < 0.36
UTN7 0 < x/L < 0.30

Results obtained from the delta wing flow-field correlations of Ref. 13 indicate that
true crossflow is not achieved on a 49-deg sweep delta wing at angles of attack of 50
deg or less. Furthermore, it was shown in Ref. 3 that streamline divergence effects are
significant on delta wing centerline heating only at values of angle of attack significantly
greater than the apex angle or, in the case of the present wing, 41 deg. For these reasons
no crossflow or streamline divergence was applied to the centerline boundary-layer
calculations in the aft region.
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Fig. 11-1 Comparison of Shock-Angle Measurement with Analytical Calculations
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APPENDIX 111
BOUNDARY-LAYER CALCULATION METHODS

The boundary-layer calculations in the present report use the basic methods which
have become typical in data comparisons by Space Shuttle contractors (see Refs. 14 and
15). These are the Eckert Reference Enthalpy method (Ref. 16) for laminar flow and
the Spalding-Chi method (Refs. 17, 18, and 19) for turbulent flow. Crossflow corrections
for nose region were obtained using the crossflow velocity gradients as outlined in Appendix
1 and equations for equivalent surface distances from Refs. 20 and 21. Transitional heating
rates were calculated using the laminar and turbulent rates and Eq. (11) of Ref. 7.

A comparison of present results for heat-transfer rates and momentum thickness
Reynolds number with those obtained using a nonsimilar numerical calculation (Ref, 22)
and the same edge conditions is shown in Fig. 11I-1. The heating-rate comparison is good,
but a significant difference between the methods occurs in the momentum thickness
Reynolds number at the rear of the body.
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Fig. 111-1 Comparison of Present Solution and a Nonsimilar Numerical Solution
for Laminar Heat-Transfer Rates and Re, ¢
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